A semester research project was completed at Eidgenössiche Technische Hochschule Zürich (ETH Zürich) and the Paul Scherrer Institut (PSI) in the spring of 2010. A new kind of trigger based on silicon pixel sensors was developed for the commissioning of the current Compact Muon Solenoid (CMS) pixel detector. Prior to this trigger there was no silicon sensor based trigger that used the same technology as the pixel detector. The current trigger systems involve cumbersome photomultiplier tubes and Nuclear Instrument Module (NIM) crates to process the signals. To improve on these trigger systems it was thought to develop a trigger using pixel technology in the form of a printed circuit board that assimilates the signal processing circuitry. The board worked well, although there were limitations (e.g. crosstalk occurred so copper shielding was needed). A second generation trigger board currently exists. It fixes many of the problems encountered with the first board.
Introduction
The Large Hadron Collider (LHC) at CERN in Geneva, Switzerland, is a proton-proton accelerator. The Compact Muon Solenoid (CMS) experiment is one of the general purpose experiments set up along the LHC, and this is the experiment of interest. The Super Proton Synchrotron (SPS) is one of the accelerator machines at CERN (see Figure 1 ). It accelerates protons up to 450 GeV before being injected into the LHC. This beam can also be used for other experiments such as sensor irradiation. The proton beam is incident upon a target-located at the northern area of the SPS-that produces a beam of pions. At the end of the pion beam line, there is a site where experiments may be placed inside a 3T superconducting magnet. This site is at the North Area in Figure  1 .
The purpose of this experiment was to simulate degradation of the readout electronics and sensors of the CMS Pixel Detector after a number of years of being exposed to radiation. For example, a chip with fluence 6 × 10 14 n eq /cm 2 was tested. 5 This simulates electronics used for 2 years in the 4 cm layer of CMS at a luminosity of L = 10 34 cm −2 s −1 . The idea for this project was to build a trigger for the experiment. This trigger alerts the computer as to when charged particles arrive at the experiment so data taking may begin. This trigger was needed because of the magnetic field.
Introduction to the Trigger Board
The trigger board detects passing charged particles and signals the test board to begin taking data. This board is the first device the charged particles encounter. There is a silicon sensor attached to it via a gold plated board.
FIG. 1: The CERN accelerator complex.
This sensor, with dimensions 10 x 10 mm, is similar to the ones bump bonded to the Read Out Chips (ROC) in the CMS Pixel Detector. The trigger board sensor is a diode while the sensors on the ROCs are pixelated. Alignment was a key issue in this test beam. A wire chamber was used to find the beam, and the beam was bent until a high peak was seen through the sensors. The setup was initially installed by visual approximation; that is, collimators were used to adjust the beam as necessary after the setup was installed inside the magnet.
Scintillators are usually used to create triggers. Scintillators are large and require photo multiplier tubes (PMT). Since there was a 3T magnetic field, and PMTs do not always function as expected in magnetic fields, this project was especially useful. This magnetic field was needed to ensure charge sharing between pixels. The other chips in the test setup used to reconstruct particle tracks were deliberately placed not in parallel with each other so charge sharing would occur. Scintillator triggers also use Nuclear Instrumentation Modules (NIM) to process the input from the PMT and generate an output. This is not advantageous since the NIM crate must be set up outside the experimental area, and hence there will be a delay that needs to be taken into account. Silicon sensors are beneficial since they can be tuned to trigger on particles with certain energy, momentum, etc. While this trigger has approximately the same speed as a scintillator, the size advantage is much greater. The compactness of the trigger board provides ease in installation and transportation.There was an attempt to measure efficiency, yet this was not exactly the trigger efficiency. The efficiency recorded was the percentage of events that recorded hits. However, there was an unknown timing problem, so this efficiency cannot be taken as the efficiency of the trigger.
The output of the trigger board is connected to an oscilloscope and a NIM crate in the control room. The output pulse can be observed there 6 . The NIM Crate counts the number of triggers sent by the board. It also inverts the signal received from the trigger board. The signal comes from the inverted output on the trigger board, so it is necessary to invert the signal again so the test board sees a positive signal. The NIM crate output signal is sent to the test board. Once the test board is triggered, the Token Bit Manager (TBM)
1 is notified to start reading out the signals from all the ROCs (there is a more explicit description of the experiment in Section 5). The trigger board can be seen in Figure 3 . There is copper shielding placed on the board to prevent crosstalk. There is also aluminum foil over the sensor to prevent background photons from hitting the sensor. The trigger board without any components can be seen in Figure  2 (a).
The trigger board itself is a two layer Printed Circuit Board (PCB). On the second layer there is a ground plane. On the first layer there are two heat sinks surrounding voltage regulators. Since there are a number of unconnected pins on the voltage regulators, it was realized a heat sink would be the best way to connect these pins. The circuit schematic can be found in Appendix A.
Creation of the pulse
When particles hit the sensor on the trigger board, some of their energy is absorbed. This energy is used for creating electron-hole pairs. These pairs induce signals which can then be readout. A reverse bias voltage of +100 V is applied to the sensor. The pn-junction of the sensor with the applied bias voltage is responsible for the electric field. Electrons are attracted towards the positive potential and the holes are repulsed away. The electric field creates a depletion zone in the pn-junction by removing all the free charges. Holes are created when charged particles pass through this depletion zone. The holes then induce a current that is output to the electronics of the trigger board. From this current a signal can be measured. This signal is then shaped through the trigger electronics. The entire setup is contained within an electromagnet so the magnetic field must be taken into account. The drift of the electrons and holes is subject to the Lorentz force
The sensor on the trigger board is not bump bonded onto the board like the ROC sensors. The sensor is glued onto a gold plated PCB. Both the gold PCB and the sensor are attached to the trigger board by vias (holes drilled into the board allowing passage to the other side of the board). There are wire bonds connecting the sensor to the trigger board. The orientation of the sensor is significant. The high voltage is sent to the sensor, and if the sensor were oriented differently, the high voltage may be sent to the output of the sensor instead.
The circuit
The first component the pulse encounters on the board is a preamplifier. This is an inverting amplifier (see Figure 4) . The pulse enters through the negative input of the preamplifier, while the other input is grounded. The pulse then continues to a shaper. The shaper inverts the pulse and amplifies it.
The pulse then goes through a gain stage where the polarity of the pulse stays positive. The magnitude of the pulse is amplified. The pulse then reaches the comparator. The output of the comparator is connected to the NIM module in the control room via a long coaxial cable and then is sent to the test board via another cable.
There is a positive voltage regulator and negative voltage regulator that supply voltage to the amplifiers and the comparator. Each supplies ±5 V to the circuit. It was necessary to supply more than 5 V to the negative voltage regulator because it was old. The working range was measured to be between 6.5 and 11 V. Seven volts was the voltage chosen for the experiment.
There are two outputs of the comparator. The noninverted output is connected to the test board. The inverted output is connected to the NIM crate. The initial Eventually the non-inverted output was too noisy to be used so instead the inverted output was used.
A positive 100 V is applied to the sensor via a resistor and high voltage capacitor. Two potentiometers are also used in the circuit. One is used to adjust the threshold of the comparator and the other adjusts the width of the pulse. The path of the pulse from the sensor to the test board can be seen in Figure 5 .
FIG. 5:
The path the pulse takes. The initial plan was to connect the comparator output to the test board, but there were difficulties with this, which are described in the text.
FIG. 6:
One of the first circuits simulated. This is the preamplifier and shaper stage.
Design Process Circuit simulations
Circuit simulation was done with Simetrix 7 . The circuit was designed in stages. Analysis of each stage was completed before moving on to the next stage. The first circuit analyzed was the amplifying stages: the preamplifier, shaper, and accompanying resistors and capacitors. A number of simulations were conducted to optimize the signal to noise ratio without losing signal quality. This was done by adjusting the value of the feedback components. The process of adding components was done until the circuit was completely understood. One of the first circuits analyzed can be seen in Figure 6 .
Noise analysis
The first study done compared the simulated noise to the noise calculated analytically. In principle these two values should agree. The equations used for analytical calculations are discussed later. A measurement of the simulated noise for the preamplifier stage was done. This was done by varying the feedback resistance while keeping the feedback capacitance constant. The results can be found in Table 1 . The conclusion reached was that the feedback resistor at the preamplifier stage had a negligible affect on the total noise for low resistances. This allowed adjustment of other feedback components without drastically increasing noise.
Each stage's contribution to the total noise was simulated. This was done to realize which components were most sensitive. The preamplifier stage was the only stage analyzed in depth because of the aggressive development schedule for the test beam.
Simulations give the ideal behavior of the circuit, yet in reality this is not perfect. There was not enough time to fully compare simulations to the observed results. Instead, rather ad hoc solutions were found as time allowed.
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A number of equations were used in the noise analysis. For a low pass filter, the cutoff frequency is found by
where R,C are the values for the feedback resistor and capacitor, respectively. For R 2 the feedback resistor and R 1 the input resistor, we have the gain
For the inverting amplifiers, we can calculate the output voltage via the gain equation
The total noise caused by filtering was calculated analytically by use of the equation
where K is the Boltzmann constant 9 , T is the temperature, and Q is the electron charge.
Noise analysis in the time domain was measured using both analytic equations and SPICE, via the equation
There are a number of voltage dividers in the circuit. The voltage after the voltage divider can be found by
where Z 1,2 are impedances (see 3 for more). Since there is also a resistive divider at the gain stage, we can calculate the output voltage there to be
where R 1,2 are resistors. For a more comprehensive description, see 4 . By calculating the gain after the amplifiers and considering equations 7 and 8 it is possible to calculate the output voltage at each stage of the circuit. 
The layout
Work began on the layout of the board "by hand 10 ". This was the first step before using CAD to design the board. This process took quite some time. EAGLE 11 software was then used for the final design of the board. The final layout of the board can be found in Appendix B.
Circuit Stages
The best way to discuss the circuit is to break it down into stages. The preamplifier stage, the shaper stage, the gain stage, and the comparator stage will be considered separately.
The preamplifier stage
The first stage of the circuit is the preamplifier stage. This stage consists of a preamplifier and its feedback components. This amplifier is inverting. There is also a low pass filter. 12 The preamplifier stage was seen previously in Figure 4 .
There is a resistor immediately following the preamplifier. The purpose of this resistor is to reduce signal reflection. This undesired reflection can be seen in Figure 9 .
There is a capacitor between the preamplifier stage and FIG. 9: Small signal reflection (circled region) as seen on an oscilloscope. This still occurred after the optimum resistor was chosen most likely because of unoptimized layout design.
the shaper stage. This capacitor is used for DC blocking. That is, this capacitor only allows AC characteristics of the signal to be passed on. A similar capacitor is between the shaper and gain stage. The optimal values for the feedback components were found to be R = 47 kΩ and C = 1.8 pF.
The shaper stage
The pulse then encounters the shaper stage. This stage consists of another operational amplifier with a low pass filter. The output is an inverted positive pulse. The optimal values found for the feedback components are R = 4.7 kΩ and C = 5.6 pF.
The gain stage
Upon inspection of the circuit it was realized that there was insufficient pulse amplification. Another amplification stage was required. This stage is non-inverting. There is a resistive divider between the negative input and output instead of a low pass filter . The optimal values for the resistive divider were found to be R 1 = 47 kΩ and R 2 = 1 kΩ.
The comparator
The pulse then reaches the comparator. The negative input of the comparator is attached to a potentiometer. This potentiometer controls the threshold. At first only one output of the comparator was connected. The other output was eventually connected. There is another potentiometer attached between the latch pin 13 and the output of the comparator. This potentiometer adjusts the width of the pulse. There is also a Schottky diode 14 . There is a low voltage drop across the diode terminals when current flows. This allows for better system efficiency. The comparator stage can be seen in Figure 10 .
FIG. 10:
The comparator stage. There are two potentiometers used, as well as a Schottky diode.
Power distribution
A cluster of capacitors can be found along the power distribution lines. These capacitors distribute power to each of the components. 15 There are four capacitors each for the positive and negative power supply. They are placed as close as possible to the component pins.
The Components
Most of the components used in the circuit were new. Some of the older components caused some unwanted issues. For example, the non-inverted output of the comparator was too noisy to be used. These problems were mostly fixable.
Ultra low noise amplifiers are used. Much attention is given to reducing noise since the amplifiers are fast. The peaking time is approximately 8 ns. This can be seen in Figure 11 .
The voltage regulators were supplied with 7 V for power. The voltage regulators were not in the software library for the layout. It was necessary to construct them in EAGLE with the dimensions given in the data sheet 16 . The comparator is also fast (10 ns). It is an 8-pin component and has a complementary TTL output. 17 There are two input pins. The positive input is connected to   FIG. 11: The rise time of the amplifiers used the output of the gain stage. The negative input is connected to the potentiometer. The potentiometer acts as a variable voltage divider. In this case a screw is turned to adjust the threshold for the comparator. There are two power supply pins as well. There is also a "Latch" pin. This pin can keep input data at the output when in the high state 18 . See Appendix D for a full list of components.
Experimental Setup
The experimental setup can be seen in Figure 12 . There are four ROCs with sensors bump bonded to them to reconstruct the track of incoming particles. There is one ROC for testing located in between the other ROCs. This ROC is kept in a cold box in order to prevent annealing (for the irradiated chips). Annealing can change the electrical properties of the ROC. This is an undesirable effect. The angle of the test ROC with respect to the beam could be adjusted. This is accomplished by means of a large pole reaching from near the control room to the ROC itself. This is done to measure the Lorentz drift. The tested ROC is kept cold by means of a Peltier cooler. A Peltier cooler creates a temperature difference between the two sides of a device by means of a voltage (see [2] for more in depth discussion). The heat is removed via cooling liquid hooked up to a chiller.
The entire setup is secured inside a superconducting 3T magnet. Tests are run with and without the magnet on.
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The telescope board is the board with all the ROCs attached to it. The test board (used to program the chips) is located underneath the telescope board. The PSI46 test board normally used in radiation hardness experiments was modified in several minor ways, for example, a magnetic switch was removed since the apparatus is located inside a 3T magnet.
FIG. 12:
The experiment before being placed in the magnet. There is the trigger board, telescope board, test board, and ROCs.
The TBM starts the readout sequence for the recorded hits. It does this via tokens. 20 The test board sends a token to the telescope board and ROCs to readout the data. The token is passed from ROC to ROC. Once one finishes the readout process, it passes the token on to the next ROC. The output signal contains a header and trailer at the beginning and end respectively. It also contains the pixel address of the pixel that recorded the hit.
Now that the experiment is over, analysis is being done on the data obtained. A satisfactory amount of data was taken despite the problems encountered.
Problems encountered
There were a number of problems in the design process and at the test beam site. These problems were fixable for the most part. The non-inverted output of the comparator, however, was too noisy to be used at all.
Design problems
There was only one month to design this board so ultimately there were a number of flaws in the design. One complication was with the physical layout of the components. Some of the tracks 21 were too close together so crosstalk transpired. The signal passing through the preamplifier was affecting the signal at the input of the shaper. Copper shielding was placed over some components to remedy this. A few components (namely, the potentiometers) were old, so placing them onto the board was challenging. There was also an issue of pad sizes on the board. Some of the pads were not the correct size for the components. A number of components had to be created in the layout using the data sheets for exact specifications. Some specifications were not exact on the layout. This was fixable though. All that was needed was a wire to connect the pad to the component.
There was also an issue with amplifier oscillation. Some traces were rather close together. In principle spacing these tracks out would reduce the noise and oscillation. A number of bypass capacitors were added as well to reduce oscillation.
The board needed to be tested before assembling it with the rest of the experiment. It was necessary to adjust the values of the feedback and input components for the best signal to noise ratio. Simulations were run but it was still necessary to make adjustments.
Problems at the test beam site
The first issue encountered was the comparator threshold. It was set too high during calibration with a radioactive source at PSI. It needed to be adjusted by the potentiometer. This was rather inconvenient since the potentiometer is sensitive and the trigger board was already attached to the rest of the experiment. It was necessary to go inside the magnet to adjust the threshold. The magnet took 1 hour to ramp down and then 2 hours to ramp up after. For the next generation trigger board an external pin will be added so the threshold can be defined by an external voltage.
The initial plan was to attach the output of the comparator straight to the test board. When this was attempted there was too much oscillation. The inverted output of the comparator was sent to the control room instead. A NIM module then inverted the signal and then sent it to the test board.
Another obstacle was one of the lemo connectors on the trigger board. It was necessary to replace this lemo since it partially broke off.
Further work
An upgrade of the trigger board is planned to fix all associated problems now that the tests are complete. The first issue to fix is the pad sizes on the board. All the pads need to be fitted perfectly for the components. Another issue that needs to be addressed is the crosstalk. Some tracks and components need to be spaced out more. There will be an external pin to adjust the threshold instead of using the potentiometer. An analog output from the gain stage will also be added to explore problems if the comparator fails. Amplifier oscillation will also be addressed.
This board will likely be used at the next test beam in Fall 2010. Some boards may also be used at University of Illinois at Chicago High Energy Physics (UIC HEP) department. Currently there is progress being made to upgrade the board.
